Introduction
============

Aging is associated with a decrease in the quality of balance regulation, in particular through dysfunctions of gaze control and postural stabilization, which results in an increased risk of a falling ([@b16-cia-3-691]). Gaze control is provided by two systems: gaze orientation by ocular saccades and gaze stabilization by reflexes and voluntary movements of vestibular and visual origins ([@b35-cia-3-691]). The studies on healthy aged subjects with easy falling showed that the latency of saccades was prolonged ([@b38-cia-3-691]; [@b39-cia-3-691]). [@b16-cia-3-691] reported that the reaction time and the accuracy of saccades were improved in a sporting group compared to a nonsporting group in elderly. They proposed that the practice of physical and sporting activities could improve every level of postural regulation and ocular movements of visual or vestibular origin to help reduce falls in elderly. However, no studies had been directly made on ocular saccades in elderly subjects with a history of falling.

Latency of saccades is the time between target displacement and the onset of the movement. Saccadic latency is a sensitive indicator of general response speed and reaction time towards a visual target to be centered or to be avoided. It is dependent on the state of fixation at the time of target appearance. Two types of paradigms have been introduced initially by [@b31-cia-3-691] and since then have been widely used to determine saccade latency under different states of visual attention: in the gap paradigm the fixation point disappears some time prior to target onset; in the overlap paradigm the fixation point remains illuminated during the target presentation. Latencies of saccades in the gap paradigm are generally reduced as compared to the overlap paradigm. This is called the gap effect ([@b31-cia-3-691]) and could be due to attentional disengagement ([@b34-cia-3-691]; [@b11-cia-3-691]; [@b14-cia-3-691]; [@b18-cia-3-691]), to advanced motor preparation ([@b27-cia-3-691]) or to the disinhibition in the superior colliculus (SC) because of the offset of the fixation point ([@b30-cia-3-691]; [@b8-cia-3-691]). The second phenomenon is that subjects can generate an abundance of short-latency between 80 ms and 120 ms ([@b13-cia-3-691]) and express saccades in the gap paradigm. Express latencies are thought to be minimum conduct time ([@b26-cia-3-691]).

A second parameter influencing latency is the viewing distance. Near distance also promotes shorter latency in both children and adults ([@b37-cia-3-691]). A recent study by our group using gap/overlap at far and near in healthy elderly showed that they were capable of producing express saccades in the gap paradigm and at near as frequently as young adults ([@b39-cia-3-691]). The purpose of the present study is to examine elderly with falling history in the same battery of tests. The main questions addressed are the following: Do they show the gap effect? Can they produce express saccades in the gap paradigm and at near?

Methods
=======

Subjects
--------

Twelve subjects with the falling history (fell at least once last year) aged between 61 and 90 years (mean 76.8 ± 9.2) participated in this study. They were recruited from the geriatric services in the hospital after extensive examination including bedside eye-movement examination as described by [@b24-cia-3-691]. These subjects were planned to participate in the intervention program for falls prevention organized by the hospital; the program includes the physical training, walking and equilibrium exercises, standing with eyes opened or closed, etc; a program run by physical therapists. No subject showed visual, neurological, psychiatric disorders, muscular-skeletal pathology, or received neurological/psychotropic drugs. All subjects had corrected visual acuity more than 5/10, ie, normal for their age. The cognitive performance as measured by Mini Mental State Examination (MMSE) which was better than 26 of 30 points, ie, a normal score ([@b15-cia-3-691]). Binocular vision was assessed with the TNO (the Netherlands Organization of Applied Scientific Research) test of stereoacuity; all individual scores were normal, 60° of arc or better. The investigation adhered to the tenets of the Declaration of Helsinki and was approved by the institutional human experimentation committee. Informed consent was obtained from all subjects after the nature of the procedure had been explained.

Visual display
--------------

The visual display consisted of LEDs (each LED on 2.9 mm) placed at three isovergence circles: one at 20 cm from the subject, and the others at 40 cm and 150 cm; on each circle three LEDs were used; one at the center and the others at ± 10° (see [Figure 1a](#f1-cia-3-691){ref-type="fig"}). In a dark room, the subject was seated in an adapted chair with a chin and frontal rest. He/she viewed binocularly and faced the visual display of the LEDs.

Fixation and oculomotor tasks: Gap and overlap conditions
---------------------------------------------------------

In the gap task, there was a time interval of 200 ms between the offset of the fixation point and the onset of the saccade target. The target LED was kept on for 1.5 sec ([Figure 1b](#f1-cia-3-691){ref-type="fig"}). In the overlap task, the fixation point remained illuminated for 200 ms after the target LED appeared. The target stayed on also for another 1.5 sec ([Figure 1c](#f1-cia-3-691){ref-type="fig"}). The total mean length of each trial was about 4 sec. In each block a target was presented at 10°, left or right from the center fixation; for each trial the fixation point and the peripheral target were at the same viewing distance (20 cm, 40 cm or 150 cm; see [Figure 1a](#f1-cia-3-691){ref-type="fig"}). Each block contained 60 trials (10 trials for each direction at each viewing distance) and lasted 4 min. Each subject performed two blocks, one in the gap condition and another in the overlap condition. A calibration sequence was performed at the beginning and at the end of each block; the LED target stepped in a predictable way from center to left 5°, or 15°, then to right 5°, or 15°, each time returning to center.

Eye movement recording
----------------------

Horizontal movements from both eyes were recorded simultaneously with the IRIS device (Skalar Medical BV, Delft, The Netherlands). Eye position signals were low-pass filtered with a cut-off-frequency of 200 Hz and digitized with a 12-bit analogue-to-digital converter and each channel was sampled at 500 Hz. The head was always stabilized by a chinrest and/or a forehead rest.

Data analysis
-------------

From the two individual calibrated eye position signals we derived the conjugate signal \[(left eye + right eye)/2\]. The onset of the saccade was defined as the time when conjugate eye velocity exceeded 30°/sec ([Figure 1d](#f1-cia-3-691){ref-type="fig"}, point 'i'). The process was performed automatically by the computer, and the verification was made by visual inspection of the individual eye position and velocity traces. For both gap and overlap tasks latency was measured as the time between target onset and saccade onset.

Eye movements in the wrong direction, with latency shorter than 80 ms (anticipation) or longer than 800 ms, or contaminated by blinks were rejected. About 10% of trials had to be rejected using these criteria. We also evaluated the percentage of saccades with express type of short latency (80--120 ms).

A two-way ANOVA was performed on individual mean latency with the within subjects factors: the oculomotor task (gap, overlap) and the viewing distance (20, 40, and 150 cm). One ANOVA was performed on individual mean latency for each condition with the between subjects: elderly fallers and healthy elderly as control subjects ([@b39-cia-3-691]). For the percentage of express latency, the nonparametric test and Friedman and Wilcoxon test was used for within-subjects comparisons between different distances; the U-Mann-Whitney test was used for comparisons between elderly fallers and healthy elderly (control).

Results
=======

Mean latency: Gap and distance effects
--------------------------------------

[Figure 2](#f2-cia-3-691){ref-type="fig"} shows the individual mean latencies of saccades and their standard errors (SE) at different viewing distance (20, 40, and 150 cm) for the gap and the overlap conditions for healthy falling subjects. The two way ANOVA showed a statistically significant effect of the gap (F~1,11~ = 55.56, p \< 0.001) and of the distance (F~2,22~ = 6.25, p \< 0.01). The gap effect, ie, shorter latency in the gap condition than in the overlap condition, is 106 ms, and the distance effect, ie, shorter latency at near than at far, is 59 ms between 20 cm and 150 cm, and 52 ms between 40 cm and 150 cm. These effects are similar to those obtained previously for aged control subjects ([@b39-cia-3-691]). However, unlike elderly control subjects, falling subjects showed no interaction between the fixation task (gap/overlap) and the viewing distance (F~2,22~ = 0.38, p = 0.69).

Further post-hoc comparisons showed that the gap effect was significant for all viewing distances (all p \< 0.01). The distance effect was significant between 20 cm and 150 cm and between 40 cm and 150 cm for both gap and overlap conditions (all p \< 0.01), but no significant difference was found between 20 cm and 40 cm (p = 0.93 for the gap condition, or p = 0.39 for the overlap condition).

Comparison with healthy control elderly
---------------------------------------

One-way ANOVA showed longer latencies for elderly falling subjects than for elderly normal subjects ([@b39-cia-3-691]) only in the gap condition at 20 cm (F~1,20~ = 10.75, p \< 0.01), but not in other conditions (all p \> 0.05). Recall here that there are different types of saccadic latencies ([@b12-cia-3-691]; [@b17-cia-3-691]), express type, 80--120 ms; fast regular, 121--150 ms; and slow regular, 151--400 ms. A second one-way ANOVA was done for mean latencies excluding the express latency between 80 and 120 ms in the gap condition at 20 cm. The results showed no statistically significant difference of latency between healthy elderly and falling subjects. Therefore, longer latency for elderly falling subjects in the gap condition at 20 cm could be related to the decrease of percentage of express, which will be presented below.

Additional observation: Saccades to predictable targets
-------------------------------------------------------

Latencies of saccades to predicable targets (extracted from the calibration sequence; see Fixation and oculomotor tasks) were also analyzed. Mean latencies of saccades were 252 ± 50 ms (mean ± SD) for elderly falling subjects and 268 ± 58 ms for healthy control elderly. One-way ANOVA showed no significant difference of such latency between these two groups. In addition, there was no express latency for either group.

Express type of latencies
-------------------------

In the gap condition only 3 of the 12 falling subjects produced express latencies at 20 cm. At distances of 40 cm and 150 cm only 1 subject produced express latencies, respectively. The remaining subjects showed no express latency. The group means of express percentages were only 2.1%, 0.6%, and 0.4% at 20 cm, 40 cm, and 150 cm, respectively.

The distribution of the latencies in the gap condition at 20 cm, which in controls is the most promoting condition for express saccades, is shown in [Figure 3](#f3-cia-3-691){ref-type="fig"}. Latencies with a few exceptions are all regular, ie, more than 120 ms. The Friedman test used for within-subjects comparison showed no significant difference of express rates between different distances for falling subjects in the gap condition (F = 3.80, p \> 0.05). The overlap condition produced express type of latency rarely.

Comparison with healthy control elderly
---------------------------------------

The percentage of express latencies for control subjects was 20%, 5%, and 1% in the gap condition at 20 cm, 40 cm and 150 cm, respectively. At near (20 cm) the percentage for control subjects is significantly higher than that observed for falling subjects (U-Mann-Whitney test, U = 25, p \< 0.05; see [Table 1](#t1-cia-3-691){ref-type="table"}), but not for other distances (P \> 0.05).

Discussion
==========

The main results of this study are: (i) like in control subjects, elderly with falling history produce shorter latencies in the gap paradigm than in the overlap paradigm; (ii) latencies of saccades at near are shorter than those at far; this is the case for both tasks (gap and overlap); (iii) relative to healthy elderly, the large majority of subjects with falling history fail to produce express saccades even in the most favorable conditions, eg, in the gap task and at near.

The gap effect and the distance effect
--------------------------------------

The gap effect of horizontal saccades, ie, shorter latencies in the gap paradigm than in the overlap paradigm, was similar for healthy elderly (107 ms) and young adults (91 ms, ([@b39-cia-3-691]). Moreover, the percentages of latency decrease in the gap condition (overlap-gap/overlap) were 37.2% and 37% for young and healthy elderly subjects, respectively. In this study for elderly subjects with falling history, such decrease was similar at 32.7%. In general, the gap effect refers to the latency advantage of removing the fixation point before the onset of a target ([@b29-cia-3-691]). Although the gap effect has been examined in many studies since the first report by [@b31-cia-3-691], the exact mechanism for producing such effect is still controversial. [@b11-cia-3-691], [@b14-cia-3-691] thought that the gap effect was due to attentional disengagement that was facilitated by the removal of the fixation point. However, [@b22-cia-3-691] found a large gap effect with the offset of a fixated object but a much smaller gap effect when an attended but not fixated object was offset, suggesting a limited role for attention in the gap effect. An alternative explanation for the gap effect suggested that the offset of the fixation point produces dis-inhibition in the SC ([@b30-cia-3-691]). Whatever the mechanism is, our results suggest that the mechanism is operating similarly in elderly subjects with falling history as in both healthy young and old subjects did. It seems to be a robust mechanism independent of age and other functional problems leading to fall.

The distance effect of horizontal saccades, ie, shorter latency at close than at far, was found for both children and adults ([@b37-cia-3-691]). Recently, we reported such distance effect existed in healthy elderly but in the gap condition only ([@b39-cia-3-691]). We suggested that the distance effect could be sensory (large angle size and luminance of LEDs at close), oculomotor (high convergence relaxation at close), attentional (facilitation of disengagement of visual attention when the eyes converge at close), or any combination of these factors ([@b37-cia-3-691]). In another study dealing with vertical saccades the distance effect was not found ([@b38-cia-3-691]). Thus, the distance effect clearly involves the oculomotor factors. The present study shows a distance effect for both tasks: latencies increase with distance increase. Note that healthy elderly subjects showed the distance effect only in the gap condition and we have argued that the distance effect was somehow hidden in the overlap condition. For subjects with falling history latencies of saccades at 150 cm becomes longer (36 ms relative to control subjects but not reach significance) and such prolongation could lead to significant distance effect (longer latency for saccades at far).

Quasi paucity of express saccades
---------------------------------

Express saccades were first observed in monkeys ([@b9-cia-3-691]) and then in humans ([@b10-cia-3-691]). The ability to produce express saccades is variable in normal humans; the large majority of humans produce express saccades at rates less than 30% in the gap paradigm ([@b14-cia-3-691]); a few subjects called 'express-saccade makers' can produce unusually high numbers of express saccades even in the overlap task ([@b1-cia-3-691]; [@b21-cia-3-691]). Nearness and the gap paradigm are shown to be two aspects promoting express saccades ([@b40-cia-3-691]). In this previous study we showed that 8 of the 9 young subjects produced express saccades at rates between 10% and 30% except one subject at 100%. Among the 10 healthy elderly examined in the same study 7 showed express saccades at rates \>12%; one subject made express saccades up to 70% (see [Table 1](#t1-cia-3-691){ref-type="table"}). In the present study we used the same promoting conditions (gap paradigm at 20 cm) but 9 of the 12 elderly with falling history showed no express saccades at al; the remaining 3 subjects produced express saccades at moderate rates 5%, 7.5%, and 12.5%. Although a larger number of falling subjects needs to be investigated such frequent paucity of express saccades has theoretical and clinical value. High rate of express saccades found in dyslexic children has been explained as a sign of a weak fixation function, which normally inhibits the generation of reflexive saccades ([@b1-cia-3-691], [@b2-cia-3-691]). The physiological significance of quasi absence of express latency is less clear. This result will be discussed in the context of existing models and data for generating express saccades.

Many models attempt to explain the production of express saccades. Majority of them admit the idea of a specific short circuit for the initiation of express saccades relative to regular saccades. For example, [@b14-cia-3-691] proposed three parallel pathways, all of them including SC, frontal eye field (FEF), and posterior parietal cortex (PPC) for generating express, fast-regular or slow-regular saccades; the switching between pathways can be modulated by peripheral attention. [@b28-cia-3-691] proposed a retina-parietal-superior colliculus circuit for triggering express saccades; [@b33-cia-3-691] proposed a similar model. This was compatible with studies on patients with parietal lesions who showed decrease of express saccades ([@b3-cia-3-691]). [@b4-cia-3-691] suggested that the FEF is involved in the triggering of all types of saccades: although the production of express saccades is controlled by a subcortical circuit, eg, SC short circuit, it also depends on the quality of general cerebral function; namely frontal function which is necessary to learn to produce different strategies of saccades, reflexive-express versus voluntary. The authors emphasized the laminar structure of FEF and its interaction with the basal ganglia, thalamus, SC, inferotemporal and parietal cortex to perform different types of saccades including express saccades. This was in line with physiological studies in which FEF neurons in monkeys have been shown to increase their discharge rate in response to the disappearance of the fixation point during the gap ([@b6-cia-3-691]; [@b7-cia-3-691]). [@b19-cia-3-691] suggested that superficial layer of SC mediate the express saccades (short-loop) while regular saccades are mediated by cerebral cortex (long-loop). The SC route for express saccades has been supported by [@b32-cia-3-691], who showed that SC ablation obviated express saccades. The model of [@b19-cia-3-691] did not exclude that cortical areas were also involved in the production of express saccades but in different ways.

Our previous results in healthy elderly subjects indicated that percentages of express saccades were as high as for young subjects ([@b39-cia-3-691]). Therefore, fewer or quasi absent express saccades in elderly falling subjects suggests that the circuit for triggering express saccades or the more global cortical circuit needed learn to make express saccades could be impaired. Particularly, reduced express saccades could be due to hypofunction of different areas believed to be involved in the triggering of express saccades. Recent anatomical studies confirmed that the ventral intraparietal area in monkeys (corresponding PPC in humans) can also receive direct projections from vestibular areas and thus is part of a cortical vestibular networks ([@b25-cia-3-691]; [@b23-cia-3-691]). More over, the SC has been identified as the primary brainstem center controlling the orienting movement, ie, head, eyes and body in a well-coordinated manner. Its output signal is transmitted to neck motoneurons ([@b20-cia-3-691]). [@b5-cia-3-691] demonstrated that express saccades are accompanied by activation of ipsilateral neck muscles and inhibition of contralateral neck muscles relative to the side of target presentation. Thus, the PPC and the SC are important not only for express saccades but also for the equilibrium. In general, we could look at the express saccades as an optomotor reflex mediated by the colliculus, when allowed by cortical mechanisms. The missing of such optomotor reflex may go along with missing other reflexes as well increasing the chances of falling. Perhaps, absence or rare express saccade could be an early sign for falling in elderly, which is important for the early diagnosis and prevention of fall in elderly.

Finally, one could note that in laboratory conditions the gap eliciting express saccades uncovers ecological mechanisms. Indeed, in every day life our fixation can be instantaneously released and saccades to surrounding targets could be express. Fast saccade reaction time could be useful in everyday life, for example, during locomotion for avoiding the obstacles. Perhaps in persons with falling history the capacity to initiate fast saccades being diminished their ability to detect obstacles rapidly and avoid them is also decreased.
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![(**a**) Horizontal saccades elicited with the use of visual LEDs at 20 cm, 40 cm, and 150 cm of the viewing distance from subjects' eyes. (**b**) The paradigm used for the gap condition, the central fixation point disappears 200 ms before the appearance of the eccentric target. (**c**) For the overlap condition, the central fixation point remains illuminated when an eccentric target appears. (**d**) Typical recordings of saccades are obtained by averaging the position signal of the two eyes (LE+RE)/2. The arrows at '*i*' indicate the onset of movements.](cia-3-691f1){#f1-cia-3-691}

![Individual and group mean latency with standard errors for saccades at 20 cm, 40 cm, and 150 cm of viewing distances in the gap and the overlap conditions for elderly fallers. Latencies of saccades under the overlap conditions are longer than under the gap condition for each viewing distance. The distance effect, shorter latencies of saccades at near than at far, is significant between 20 cm and 150 cm and between 40 cm and 150 cm for both gap and overlap conditions (all p \< 0.01), but not between 20 cm and 40 cm.](cia-3-691f2){#f2-cia-3-691}

![The latencies distribution for all elderly falling subjects in the gap condition at 20 cm; the percentage of express saccades (between 80 and 120 ms) is only 2.1% in elderly fallers and less than 20% in healthy elderly.](cia-3-691f3){#f3-cia-3-691}

###### 

Individual percentage of express latency under gap condition (at 20 cm)

         Normal elderly   falling elderly
  ------ ---------------- -----------------
         0.0              5.0
         25.0             0.0
         0.0              0.0
         12.5             0.0
         22.5             7.5
         37.5             0.0
         20.0             0.0
         0.0              12.5
         12.5             0.0
         70               0.0
                          0.0
                          0.0
                          
  mean   20.0             2.1
